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PRESSURE LOSSES RESULTING FROM CHANGES 
IN CROSS-SECTIONAL AREA IN AIR DUCTS 


I. InTRODUcTION 


1. Preliminary Statement.—Owing to structural peculiarities and 
limitations, or to changes in the quantity of air being carried, changes 
in the cross-sectional area of ducts conveying air frequently become 
necessary. In designing these duct systems, data on the pressure 
losses resulting from such changes in cross-sectional area are essential 
in evaluating the total resistance to the flow of air, an estimation 
of which is required for the proper selection of fans and motors. 
Furthermore, by a proper understanding of the most efficient types 
of transition sections to be employed, both the initial and the 
operating costs of the fans and motors may be minimized without 
materially adding to the initial cost of the duct system itself. 

A limited amount of information on this subject is available, but 
most of the data now extant were derived from observations made 
on the behavior of liquids, or were obtained by using apparatus in 
no wise comparable with actual air duct systems. Hence further 
experimental data on the behavior of air under conditions more 
nearly approximating those occurring in practice can be used to some 
advantage. In addition, many designers do not appreciate the ex- 
tent to which power savings may be made possible by utilizing the 
static pressure regain resulting from the gradual expansion occurring 
in diverging sections, or évasés, and the available information on 
this phase of the subject is inadequate, and, in some cases, misleading. 

Pressure losses in duct systems may be divided into two charac- 
teristic types. Friction pressure losses are caused by the rubbing 
action of the air on the walls of the duct, or by the viscous action 
between parts of the air stream moving at different velocities. Shock 
pressure losses are caused by changes in the area of the air stream, 
and may result either from changes in the area of the duct or from 
changes in direction of the air stream. In either case the mechanism 
is essentially the same in that the loss is caused by the action of one 
air stream expanding or contracting into another one moving at a 
different velocity. Hence, while the studies in the investigation 
reported in this bulletin were confined to the effect of changes in 
duct area, the term “‘shock losses” may be interpreted to include 
losses in elbows and all other losses that cannot be strictly regarded 


as friction losses.* 


*“Pressure Losses Due to Bends and Area Changes in Mine Airways” by G. E. McElroy. U.S. 
Bureau of Mines Information Circular No. 6663. 
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Friction pressure losses may be studied by observing the decrease 
in static pressure occurring in a duct of uniform cross-section. Since 
shock losses involve changes in velocity, they cannot be determined 
from observations of static pressure alone, but must be evaluated 
from differences in total pressure, the latter consisting of the sum of © 
the static pressure and the velocity pressure.* 


2. Objects of Investigation.—The main objectives of this investiga- 
tion may be stated as follows: 

(1) To determine the loss in total head, or total pressure, other- 
wise designated as shock loss, resulting from abrupt changes in the 
cross-sectional area of an air stream. Such changes include both 
expansion and contraction occurring symmetrically with respect to 
the longitudinal axis of the duct, and expansion and contraction 
occurring non-symmetrically with respect to the longitudinal axis of 
the duct. 

(2) To determine the applicability of the Carnot-Borda equation 
(Section 12) when used for the calculation of the loss in the total 
head resulting from abrupt changes in the cross-sectional area of an 
air stream, including both symmetrical and non-symmetrical expan- 
sions and contractions. 

(3) To determine the loss in total head, or shock loss, occurring 
in various diverging and converging transition sections, and the 
effect of the angle between the sides on such losses in the eases of 
(a) expansion, in which the air flows from a smaller to a larger cross- 
section, and of (b) contraction, in which the air flows from a larger 
to a smaller cross-section. Bs 

(4) To determine the most practical design to be used in the 
construction of diverging sections of ducts. 


3. Acknowledgments.—This investigation was conducted as a part 
of the work of the Engineering Experiment Station of which DEran 
M. L. Enger is the director, and of the Department of Mechanical 
Engineering, of which Pror. O. A. Leurwiter is the head. The 
project was initiated in 1932 by Pres. A. C. WILLARD, who was at 
that time Professor of Heating and Ventilation, and Head of the 
Department of Mechanical Engineering. 

A considerable part of the material in this bulletin has been taken 
from a thesis, which was written under the supervision of the senior 


*Velocity pressure is defined as the head or pressure required to produce the flow at the given 
velocity. Expressed in terms of feet of fluid flowing it is equal to v?/2g. In the case of flowing air it 
may be expressed in terms of inches of water by 12pa/pw X v2/2g, in which » = the velocity in ft. per 


sec.,g = the acceleration due to gravity in ft. per sec. per sec., and pa and py = the densities of air and 
water, respectively, in lb. per cu. ft. 
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author, and which was submitted in 1933 in partial fulfillment of the 
requirements for the Degree of Master of Science in Mechanical 
Engineering in the Graduate School of the University of Illinois. 
This thesis was: 

““A Study of the Effect of Sudden and Gradual Changes in Cross- 
Section on the Pressure Losses in Air Ducts,” by Julian Robert 
Fellows and Allan Caesar Hottes. 

Acknowledgment is made to the late Mr. A. C. Horrss for his 
participation in the part of the work involved in the thesis, and to 
Mr. E. L. BropeEricx for assistance rendered in conducting the tests 
and collecting the data. 


II. DrEscRIPTION OF APPARATUS 


4. General Arrangement.—In the course of this investigation two 
general types of tests were run. These have been designated as 
blowing tests and exhausting tests. The arrangement of the appara- 
tus for the blowing tests is shown in Fig. 1. This arrangement con- 
sisted of a motor-driven fan, a preliminary section of galvanized-iron 
duct attached to the outlet of the fan, and the test section containing 
the abrupt expansion or contraction, or the diverging or converging 
transition section being tested. The preliminary section of duct con- 
tained the measuring station used to determine the weight of air 
flowing. The same general arrangement was employed for the ex- 
hausting tests, except that in this case the preliminary section of 
duct containing the measuring station was attached to the inlet, or 
suction, side of the fan instead of to the outlet. 

The fan used was a plate-type volume blower, having an inlet of 
12174 in. and an outlet of 13 in. in diameter. It had a nominal 
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rating of 4700 cu. ft. of air delivered per min. against a 5-in. static 
pressure at a speed of 1960 rev. per min. This fan was direct-con- 
nected to a variable-speed, 220-volt d-c. motor rated at 10.5 h.p., the 
speed of which was controlled by means of variable resistances, or 
rheostats, connected in series with the field and armature circuits. 
For this purpose two rheostats in series were used in the field circuit, 
and one rheostat was used in the armature circuit. 


5. Measuring Statton.—The air-measuring station, as shown in 
Fig. 1, consisted of a 30-in. length of round duct 7 in. in diameter, 
which was preceded by a 30-in. section of round duct converging 
from 13 in. to 7 in. in diameter. <A total pressure tube was located in 
the center of the 7-in. section with the open end of the tube placed 
6 in. back of the entrance to the section. A single static pressure 
connection was located on the top of the duct and in the same vertical 
plane as the open end of the total pressure tube. The gage connec- 
tions were made by means of heavy-walled rubber tubing in such a 
manner that both the velocity pressure and the static pressure could 
be read directly on separate gages. This measuring station was 
calibrated in place by means of two separate traverses with a Pitot 
tube made in sections of the duct not influenced by entrance condi- 
tions, so that the single center reading could be used both as a con- 
venient guide in controlling the velocity of the air during a test, and 
as an index from which the weight of air flowing could be determined 
with an acceptable degree of accuracy. The coefficient of all Pitot 
tubes was assumed to be 1.00. 


6. Pressure Measuring Instruments.—Traverses to determine both 


total and static pressures were made on the upstream and down- 
stream sides of the test sections, and at various other sections in the 
test duct. Total pressures were obtained by means of sharp-edged 
Pitot tubes made from seamless brass tubing having an outside 
diameter of 1g in. and walls No. 20 B. and §. gage in thicknéss. 
Static pressures were obtained by means of similar tubes having the 
traversing ends closed, and having static openings on each side 
located 8 diameters back of the end and 8 diameters in front of the 
bend of the tube. The proportions of these tubes conformed with 
those recommended in the American Society of Heating and Ventilat- 
ing Engineers’ Standard Test Code for Dise and Propeller Fans, 
Centrifugal Fans, and Blowers. 

All pressures were measured by means of inclined manometers of a 
type commonly used as draft gages, and reading directly to 0.01 in. 
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of water. In order to facilitate the control of the air velocities and 
the observation of the different pressures, all of the pressure gages 
were located on a single gage board placed near the measuring station, 
and the controlling rheostats were placed within the reach of an 


observer facing the gage board. 
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7. Test Sections—Diagrams of the different test sections used 
are shown in Fig. 2. In each case, when used as an expanding or 
diverging section, the test section was preceded by 10 ft. and followed . 
by 20 ft. of test duct of the required size; and when used as a con- 
tracting or converging section, it was preceded by 20 ft. and followed 
by 10 ft. of test duct. Each section shown in Fig. 2 was tested under 
conditions designated as expanding and contracting; i.e., with the air 
flowing from the smaller to the larger cross-section, and with it 
flowing from the larger to the smaller cross-section. When used as 
an expanding or diverging section it was designated by a simple 
number, and when used as a contracting or converging section it was 
designated by a number followed by the letter “A.” The abrupt 
expansion and contraction sections were also tested under conditions 
of blowing and exhausting, but when so used they have not been 
designated by separate section numbers. The diverging and con- 
verging sections were tested under blowing conditions alone, and the 
angles between the sides, together with the other significant dimen- 
sions, are shown in Fig. 2. 

The test duct preceding and following the test sections was made 
up in convenient lengths from No. 26-gage galvanized-iron sheets, and 
both ends of each length were equipped with 34-in. angle-iron com- 
panion flanges. The abrupt expansions and contractions were formed 
by joining the different sized ducts involved to a connecting plate 
made of No. 14-gage metal. In order to make all parts interchange- 
able, and to facilitate assembling into the various desired combina- 
tions, the bolt holes in the companion flanges and connection plates 
were all drilled from a standard pattern. Rubber gaskets were used ™ 
between companion flanges, and, before testing, each arrangement 
was carefully inspected for leaks, roughness, and offsets at the joints. 
All burrs were removed from any holes drilled in the duct, and all 
such holes, when not actually in use for inserting total pressure or 
static pressure tubes, were covered with adhesive paper. f 


III. Meruops or Conpucting TEests AND Repucine Data 


8. General Test Procedure-—For any given arrangement of the 
apparatus, five tests were run covering a range of velocities of from 
1800 to 6000 ft. per min. in the smaller duct. During a test, the 
weight of air flowing, as indicated by the reading of the velocity 
pressure gage at the measuring station, was maintained constant, and 
traverses with total-pressure and sometimes with static-pressure tubes 
were made at the two reading stations 1 and 2 preceding and follow- 
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ing the test section. All such pressures were expressed in terms of 
inches of water having a density of 62.34 lb. per cu. ft., correspond- 
ing to 60 deg. F. Occasional traverses were also made at other 
sections in the test duct. 


9. Calibration of Measuring Station—For the purpose of cali- 
brating the measuring station the apparatus was arranged as shown 
in Fig. 1, except that 30 ft. of 6-in. x 6-in. duct was substituted for 
the test section. The object of such a calibration was to establish 
the relation between the velocity pressure, as observed with the 
fixed Pitot tube in the center of the measuring station, and the actual 
weight of air flowing, as determined by 16-point velocity pressure 
traverses* both in the 7-in. round duct and in the 6-in. x 6-in. square 
duct. For this purpose traverses were made at 5 different velocities, 
and during the traverses at each velocity the velocity pressure at 
the measuring station was maintained constant. 

The 16-point traverse in the 7-in. round duct consisted of 8 points 
on a vertical diameter and 8 points on a horizontal diameter. The 
pipe was divided into 4 imaginary concentric zones of equal area, and 
four readings were then taken on a circle drawn through the center 
of the area of each zone.t A similar method was employed for 
dividing the 6-in. x 6-in. duct into 6 zones, and for determining the 
reading points in each zone. This method is discussed in more detail 
in Section 10. 

The volumes of air flowing, as determined from the velocity pres- 
sure traverses in the round and square ducts, agreed very closely. 
The volumes of air were then expressed in terms of weight of air at a 
standard density of 0.075 lb. per cu. ft., and were plotted on loga- 
rithmic paper against the corresponding velocity pressures read from 
the gage used in connection with the fixed Pitot tube at the measuring 
station. These velocity pressures were expressed in terms of inches of 
water at 60 deg. F. A similar calibration curve was made under simi- 
lar conditions with the air being exhausted from the duct, and these 
curves, transferred to rectangular codrdinates, are shown in Fig. 3. 

Under exhausting conditions the velocity profile at the measuring 
station was more convex than it was under blowing conditions. 
Hence, in the former case, a given reading of the velocity pressure 
in the center of the round duct at the measuring station represented a 
smaller weight of air flowing than it did in the latter case, and the 


i i i i d for calculating the mean 
A tructions for making these traverses 1n round ducts an culating 
ae (ae aia Fabe readings are given in Ser oie Equipment of Buildings’ by L. A 
i i d edition, pp. -664. phe cs - 
Sgn Sere Padi a © OMochanical Equipment of Buildings.” Vol. I, second ecition, 
pp. 661-663. 
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calibration curve for exhausting was lower than that for blowing, as 
shown in Fig. 3. In using these curves, the weight of air at standard 
density, read from the curve for a given observed velocity pressure, 


was corrected to weight of air flowing under actual conditions by 
using the equation: 


r] 


Da 
fr Wea) 0.075 


In which W, = weight of air in lb. per min. read from the curve 
corresponding to the observed gage reading, p, = density of air in 
Ib. per cu. ft. at the observed pressure and temperature, and W, 
weight of air in lb. per min. at the existing density. 


10. Method of Determining Total Pressures——The shock loss re- 
sulting from a given change in the cross-section of a duct is repre- 
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sented by the difference in the total pressures preceding and following 
the change in cross-section. In the preliminary studies these total 
pressures were obtained in different sections of the duct by observing 
the static pressure by means of a static pressure tube located in the 
center of the section, and adding the velocity pressure corresponding 
to the mean velocity of flow, as calculated from the weight of air 
flowing and the area of the section. The static pressures were ob- 
served at the centers of a number of successive sections in the duct, 
and static pressure gradients for the duct were established by plotting 
these readings against the distance along the duct, as shown in the 
three typical cases illustrated by Figs. 4, 5, and 6. 

In the cases of abrupt expansions and diverging sections, such as , 
are shown in Figs. 4 and 5, for a given weight of air flowing, the 
total pressure preceding the change in cross-section was obtained by 
adding the velocity pressure corresponding to the mean velocity and 
the minimum static pressure read from the pressure gradient curve. 
The total pressure following the change in cross-section was obtained 
by adding the velocity pressure corresponding to the mean velocity 
and the maximum static pressure as read from the curve. The shock 
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loss was then represented by the difference in these total pressures. 
In the case of the abrupt contraction shown in Fig. 6, a similar pro- 
cedure was followed, using the maximum statie pressures just pre- 
ceding and just followihg the change in cross-section. 

This method for evaluating the shock loss has been generally 
used by other investigators, with the possible exception of H. Peters,* 
and was apparently successful in the case of abrupt expansions. 
However, many inconsistencies were developed in the studies on con- 
verging sections and abrupt contractions. From a detailed analysis 
of the method it became evident that the true mean velocity pressure 
is not the same as the velocity pressure corresponding to the mean 


*National Advisory Committee for Acr onautics Technical Memorandum No. 737. 
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velocity. That is, the velocity pressure varies as the square of the 
velocity, and the average of the squares of a series of numbers is not 
numerically equal to the square of the average of the numbers. 
Further analysis also indicated that no material error existed in the 
difference between two total pressures determined by this method if 
the velocity profiles at the two sections were similar, but that material 
errors could be expected if the velocity profiles at the two sections 
were not similar. It therefore became apparent that an accurate 
determination of the mean total pressure could be obtained only by 
making a complete traverse of the section under consideration. 

All of the shock losses reported in this bulletin were obtained by 
subtracting the mean total pressures as determined from traverses 
made with a Pitot tube in sections preceding and following the test 
section, and correcting this difference for the friction loss occurring 
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in the portions of straight duct included between the traversing 
stations and the test section. In the case of diverging or converging 
sections, the total pressure loss was also corrected for the friction loss 
in the section itself. The two traversing stations were located out- 
side of the range of any disturbance caused by the change in area at 
the test section. A study of the static pressure gradients similar to 
those shown in Figs. 4, 5, and 6 proved that the pressure was normal 
at a distance two feet ahead of the connecting plate, and reached a” 
maximum, thus indicating a return to normal, within a distance of 
eleven feet in the straight duct following the test section. These 
stations, designated as stations Nos. 1 and 2 in Fig. 1, were therefore 
located 2 ft. preceding the entrance and 11 ft. following the exit of 
the test. section. 

In making the total pressure traverses in the square ducts, a 
method of zoning similar to the one commonly recommended for 
velocity pressure traverses was employed. The 1134-in. x 1134-in. 
duct was divided into 12 imaginary annular zones of equal area, and 
in each zone the Pitot tube was placed successively at 4 points 
located on the horizontal and vertical axes of the section and on a 
line dividing the zone into equal areas. The relative positions of 
these traverse points are shown in Fig. 7. A similar method was 


employed for the 6-in. x 6-in. duct, except that it was divided into 
6 imaginary zones. 


J 
4 
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Preliminary studies were made in which the results obtained from 


these equal zone traverses were compared with those obtained from 


traverses in which a system of weighted areas was used. The 
weighted area traverse was arranged so that the successive positions 
of the Pitot tube in closest proximity occurred in portions of the cross- 
section where the varidtions in velocity were the greatest, namely, 
in the corners and around the perimeter. The plan of the traverse 
points for this method is shown in Fig. 8. In making the observa- 
tions the Pitot tube was located in the center of each of the rectangles 
shown. The smallest square was regarded as a unit, and the reading 
obtained at the center of each rectangle was multiplied by a number, 
shown in Fig. 8, which represented the number of unit squares con- 
tained within the rectangle. The sum of these products divided by 
the total number of unit squares contained within the total cross- 
section represented the mean total pressure obtained from the 
traverse. Each unit square was 4-in. x }4-in. The 1134-in. x 1134- 
in. cross-section contained 2304, and the 6-in. x 6-in. cross-section 
576 of these unit squares. Hence, it was considered that the accuracy 
was equivalent to a 2304 point traverse for the 1134-in. x 1134-in. 
duct, and to a 576 point traverse for the 6-in. x 6-in. duct. 

The results obtained by these two methods of traversing agreed 
within one per cent, and, owing to the fact that fewer readings were 
involved, the equal zone method was adopted for use on the tests. 
In making the traverses, the Pitot tube was located at each traverse 
point by bringing a reference mark on the tube into coincidence with 
a division of a scale on a square guide placed against the side of the 
duct. This scale was divided to correspond with the desired locations 
of the open end of the tube, as shown in Fig. 7. 


11. Correction for Friction.—In order to correct the observed total 
pressure differences for the friction loss occurring in the straight ducts 
included between stations Nos. 1 and 2 shown in Fig. 1, separate 
tests were run to determine the static pressure loss per foot of duct 
for the different sizes of ducts involved. This was obtained for 
several air velocities by measuring the static pressures at two widely 
separated cross-sections in the duct. In selecting these sections it 
was essential that, in a given duct, the cross-sectional area at the 
two planes of measurement was the same in order to insure that no 
change in velocity occurred. The measuring stations were also selec- 
ted at sufficient distances from any change in cross-section so that 
disturbing influences from this source were avoided. 
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Fic. 9. Friction Losses in Square Ducts 


The static pressure loss per foot of duct for the different duct 
sizes was plotted against the air velocity as shown in Fig. 9. Inas- 
much as at least one section of 6-in. x 6-in. duct appeared in every 
arrangement, it was found convenient to plot all of these static pres- 
sure losses against the velocity in the 6-in. x 6-in. duct. 

In cases of expanding flow, all losses in total pressure occurring in 
that portion of the larger duct not filled by the air stream were 
regarded as shock losses, and the friction corrections for the large 
duct were based on the length of duct between station 2, shown in 
Fig. 1, and the section at which the air stream first filled the duct 
after expanding through the test section. Since no information on 
the exact behavior of an expanding air stream was available, a study 
was made to determine the shape of the envelope of the stream 
between the end of the test section and the section at which it com- 
pletely filled the larger 1134-in. x 1134-in. duct. 

Traverses were made with the Pitot tube in order to obtain both 
the total and static pressures at a number of successive cross-sections 
at different distances down stream from an abrupt change in section. 
These traverses were made on the horizontal and vertical axes of the 
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cross-sections, with the points of reading spaced at approximately 
equal distances along these axes. The velocity pressures were derived 
from these readings, and were plotted to form profile maps, similar 
to the one shown in Fig. 10, representing the velocities existing in 
horizontal and vertical planes passing through the center line of the 
duct. These maps were made for both high and low velocities. As 
shown in Fig. 10, a line passing through the points at which the 
velocity pressure curves become tangent to the lines of zero velocity 
pressure represents the envelope of the expanding air stream. It 
may be observed from the envelope shown in Fig. 10 that the air 
stream completely filled the duct at a distance of 4.5 ft. from the 
abrupt change in cross-section. In spite of this, however, the static 
pressure continued to increase after the air had passed this section 
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as a result of the continued redistribution of the velocity pressure. 
A study of the various profile maps indicated that these conditions 
were characteristic for all velocities of flow, and that in the case of 
the 1134-in. x 1134-in. duct, the air stream always filled the duct at 
a distance of between 4 and 5 ft. from the abrupt change in cross- 
section. 

It was assumed that no friction occurred in the portion of the 
duct not filled by the air stream. Since, in the case of the 1134-in. x 
1134-in. duct, this amounted to approximately 5 ft., the friction 
corrections were applied to only 6 ft. out of the 11 ft. of duct included 
between the abrupt change in cross-section and traversing station 
No. 2. By superimposing a scale drawing of test section No. 2, 
Fig. 2, in which a 9-in. x 9-in. duct was used, on the profile map for 
test section No. 1, in which an 1134-in. x 1134-in. duct was used, 
it was found that the air stream completely filled the 9-in. x 9-in. 
duct at a distance of approximately one foot from the abrupt change 
in cross-section. Hence, in this case, since the measuring station was 
located 8 ft. from the change in section, the friction corrections were 
applied to 7 ft. of the 9-in. by 9-in. duct. 

Friction loss was assumed to occur in diverging sections, similar 
to test sections Nos. 5 to 9 shown in Fig. 2, if the sides of the given 
diverging section intersected the envelope of the expanding air stream, 
as determined by superimposing the scale drawing of the diverging 
section on the velocity profile map shown in Fig. 10. If the air 
stream were thus found to fill the diverging section, the friction loss 
for the diverging section and all of the straight duct included between 
the ends of the test section and traversing stations Nos. 1 and 2 was 
subtracted from the difference in the observed total pressures in 
order to determine the shock loss. If the air stream did not fill the 
diverging section, it was assumed to fill the following large duct at 
the same distance from the entrance to the diverging section as that 
which would have been required if an abrupt change in cross-section 
had been located in the same plane as the entrance. In this case the 
friction correction was applied to the 2 ft. of small duct preceding 
the entrance and to the remainder of the 11 ft. of large duct between 
the exit of the diverging section and station 2, which was. actually 
filled by the air stream. 

Since the friction loss in diverging or converging sections could 
not be directly measured, the mean friction loss per foot of section 
length was derived by approximation from the friction losses per foot 

; i 34-1 1134-in. ducts. All 
of length for the 6-in. x 6-in. and the 11/4-1n. x 11% 
of the diverging sections were used to connect these two sizes of duct. 
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Hence the cross-sectional areas for all such diverging sections varied 
uniformly from 6 in. x 6 in. to 1134 in. x 1134 in. As a result of this, 
all cross-sections located at points along the central axis designated by 
the same fractions of the total length of the diverging section had 
the same areas, irrespective of the actual length of the diverging sec- 
tion and of the angle between the sides. 

A scale representing areas was selected as the abscissae on 
logarithmic cross-section paper, and a similar scale representing 
friction losses per foot of length was selected as the ordinates, as 
shown in Fig. 11. For a number of different velocities in the 6-in. x 
6-in. duct, the friction loss per foot of length was read from the 
curve in Fig. 9 and plotted in Fig. 11 against the area of the 6-in. x 
6-in. duct. Similarly, for the same velocities in the 6-in. x 6-in. duct, 
the corresponding friction losses per foot of length for the 1134-in. x 
1134-in. duct were read from the curve in Fig. 9 and plotted in 
Fig. 11 against the area of the 1134-in. x 1134-in. duct. It was then 
assumed that the friction loss per foot varied exponentially as the 
same power of the area throughout the length of the diverging 
section. That is, for any given velocity, the points in Fig. 11 repre- 
senting the friction losses per foot of length for the 6-in. x 6-in. and 
the 1134-in. x 1134-in. areas were connected by a straight line. The 
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areas were computed at equal distances along the central axis of the 
diverging section, and ordinates corresponding to these areas were 
drawn as shown in Fig. 11. The friction losses per foot of length, | 
given by the intersections of these ordinates with the straight lines ~ 
representing the different velocities, were then transferred to rec- 
tangular coérdinates as shown in Fig. 12, in which the abscissae repre- 
sent proportional distances along the central axis of the diverging 
section. Since, at the same proportional distances from the entrance, 
all of the diverging sections used had the same cross-sectional areas, 
this diagram was equally applicable to all of the diverging sections 
used. Hence, for any given velocity in the 6-in. x 6-in. duct, the 
mean ordinate of the corresponding curve in Fig. 12 represented the 
mean friction loss per foot of length to be used with any diverging 
section connecting a 6-in. x 6-in. duct with an 1134-in. x 1134-in. 
duct. These mean ordinates were derived by using a planimeter to 
obtain the area under the curves in square inches and dividing by 
the length of the diagram in inches. The corresponding friction losses 
per foot of length were then plotted against the velocity of the air in 
the 6-in. x 6-in. duct, as shown in Fig. 13. 
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(a)-Abrupr Exparsion ()-Abrupt Contraction 


Fig. 14. Dracram™artic Sections or ABrupT EXPANSION 
AND ABRUPT CONTRACTION 


IV. THEORY oF PREssuRE Losses AND REGAINS 
RESULTING FROM CHANGES IN SECTION 


12. Total Pressure Loss in Abrupt Expansion.—Figure 14a is a 
diagram representing an abrupt expansion occurring in a duct in 
which the area changes from a, at section m to a at section n. At 
section m’, the entering velocity v; is maintained for a short distance 
after leaving the smaller section, and at this section the static pres- 
sure has the same magnitude as that at section m just preceding the 
change. In the region of section m’ the impact occurs, resulting in 
the formation of turbulence, thus causing a loss in total pressure 
between sections m and n while the velocity is being decreased from 
v; to v2. This total pressure loss may be expressed by the application 
of Bernoulli’s theorem: 


2 
+ 4— = 4+— +H, (1) 


or H; = = (2) 


in which H; = total pressure, or head, lost in feet of fluid flowing 
v, and-ve = mean velocities at sections m and n, respectively, in 


ft. per sec. ; 
P, and P»2 = static pressures at sections m and n, respectively, in 
Ib. per sq. ft. 
g = acceleration due to gravity in ft. per sec. per sec. 


density of fluid, in lb. per cu. ft. 


> 
ll 
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Assuming that the entering fluid stream retains its shape and 
size for a short distance at section m’ and equating the impulse to the 
change in momentum 


G 
a,P, — a,P, = re (v1 ad V2) (3) 
G /u-»v : 
or Pe -—(- *) (4) 
ag ey 
in which G = weight of fluid flowing, in lb. per sec. 
a = area at section m’, in sq. ft. 


Dividing by the density p, 


P, — P; G (i-th 
== —-( (5) 
p a2p g 
Substituting the value of @ = agvep, 
lela Agvep / Vi — V2 
+ = (4+ (6) 
p a2p g 
P, — P, V2(V1 — Ve) 
or ee ey 
p g 


Combining Equations (2) and (7) 


vi — v3 V2(v1 — v2) 
als ae cing (8) 
g g 
ten (v1 — 0»)? 
or es eyo (9) 


This equation may be expressed in terms of the areas and one 


velocity as 
ay \? v? us | 
m= (1- -) ~=(2-1) 3 (10) 
a2 29 ay 2g 
Equation (9) is known as the Carnot-Borda equation, and is 


usually more simply referred to as the Borda formula for loss of head 
in an abrupt expansion. For air flowing in ducts this equation, ex- 


rye 
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pressed in pressure units of inches of water instead of in feet of fluid 
flowing, becomes 
12p. (v1 — v2)? 


Pw 29 


he = (11) 


in which p, = density of air at observed pressure and temperature, 
in lb. per cu. ft. 

Pw = density of water at observed pressure and temperature, 
in lb. per cu. ft. 


In the application of hydraulic formulas similar to the Bernoulli 
and Carnot-Borda equations to the flow of air it is commonly assumed 
that the fluid is incompressible and that the density is the same at 
successive sections of the duct. This assumption is not strictly cor- 
rect, but, in the case of ventilating ducts, in which the change in 
pressure is very small as compared with the absolute pressure, the 
assumption can be made with no appreciable error. 

It is also assumed that the velocities and static pressures are the 
same at all points in a given cross-section. That is, it ig assumed 
that the actual mean velocity head is identical with the head corre- 
sponding to the mean velocity. As mentioned in Section 10, however, 
this assumption is not strictly justifiable, and the expression v?/2g 
does not truly represent the kinetic energy of the stream when v is 
defined as the mean velocity. Under normal conditions of flow the 
true velocity head is approximately 5 per cent higher than that 
corresponding to the mean velocity. The deviation may be greater 
as the velocity distribution becomes less uniform. However, the 
probable mean velocities are the only velocities available on which 
to base the design of a duct system, and the use of the Bernoulli and 
Carnot-Borda equations can be justified if they are regarded as more 
or less empirical relationships, and if proper consideration is given 
to deviations that may occur in specific cases. 


13. Static Pressure Regain in Abrupt Expansion.—Owing to the 
fact that the area of the fluid stream increases in an abrupt expansion, 
the velocity decreases. If no loss from friction or shock occurred, 
this change in velocity head would be completely converted into a 
regain in static pressure. In this case the regain in static pressure, 
expressed in terms of feet of fluid flowing, would be 


— (12) 


t 
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Actually, however, some loss in conversion occurs due to shock. This 
loss may be evaluated by application of the Carnot-Borda equation, 
Equation (9), and, expressed in terms of feet of fluid flowing, the 
static pressure regain S, becomes 


2 2 Pe rey 
Pe ad SR PAN Tae 18 (13) 
29 29 29 
Equation (13) simplifies to 
pie V2 — VF a (V1 — Ve) (14) 
g g 


In the case of air flowing in ducts, the ‘static pressure regain, 
expressed in inches of water, becomes 


S, = 1 2Zpade 


(v1 — v2) (15) 
PwJ 


The efficiency of an abrupt expansion in converting a change in 
velocity pressure into a static pressure regain may be defined as the 
ratio of the regained static pressure to the change in velocity pressure, 
or ’ 

V2 (V4 a V2) 
g 209 


e= = 16) * 
vj — v3 V1 + v2 ( ® 


29 


Curves are shown in Fig. 15 giving the Borda loss, the theoretical 
conversion of velocity head, or pressure, and the theoretical efficiency 
of conversion as calculated from Equations (9), (12), and (16), 
respectively, and expressed as percentages of the velocity head 
corresponding to the velocity of approach, 2. 


14. Static Pressure Regain in Diverging Sections.—In any system 
consisting of a fan and connected ducts, the total head which must 
be provided by the far consists of the sum of the velocity pressure of 
the air as it leaves the outlet, and all losses occasioned by friction 
and shock occurring in the duct system on both the suction and de- 
livery sides of the fan. In many cases, by means of a properly- 
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designed diverging section, the velocity of the air leaving the outlet 
may be reduced, thus resulting in a regain of static pressure which 
becomes available for decreasing the total head that must be provided 
by the fan as compared with that required by the use of a duct with 
uniform cross-section. Such a reduction in total head would be 
directly reflected in reduced power requirements and cost of operation. 

This reduction in total head required may be illustrated by a 
simple case in which all of the duct system is connected to the outlet 
side of the fan, thus providing free entry for the air at the inlet. The 
static and ology pressures in such a system are diagrammatically 
represented in Fig. 16. In this case the total head produced by the 
fan consists of the sum of the static and velocity pressures at the fan 
outlet. For a given volume of air delivered, the velocity pressure 
would be the same irrespective of whether or not the diverging sec- 
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tion was used. Hence, any reduction in total head would be repre- 
sented by a decrease in static pressure at the fan outlet. In either 
case the static pressure at the duct outlet, Z, would be atmospheric 
pressure. In the case of the duct with uniform cross-section the 
static pressure would be represented by a straight line drawn from EZ, 
and the static pressure at the fan outlet would be represented by 
SP; on the diagram in Fig. 16. 

In the case of the diverging section, the static pressure would 
increase slightly from E to G representing the friction loss in the 
larger duct GH. In the diverging section HG a conversion of velocity 
pressure into static pressure would occur, thus reducing the static 
pressure at HM required to force the air out of the duct. The friction 
loss per foot in the portion FH would be the same as that with the 
duct having uniform cross-section. Hence, the static pressure at the 
fan outlet would be represented by the point SP2, obtained by draw- 
ing a straight line from H parallel to the original static pressure line 
drawn for the duct having uniform cross-section. The difference 
SP, — SP» represents the reduction in static pressure at the fan outlet 
effected by the use of the diverging section. 

The static pressure regain may be expressed directly, or as a 
product of the efficiency and the theoretical regain, calculated on the 
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assumption that no loss due to friction or shock occurs. The efficiency 
is dependent on the angle between the sides and the physical con- 
struction of the diverging section. The theoretical regain is given 
by Equation (12), Section 13. The actual regain may be directly 
expressed in terms involving the Borda loss, given by Equation (9) 


as follows: ; ; 
( v V5 ) ns K(v1 — 02) ; (17) 
29 


Equation (17) may be more conveniently written as 


pee hse —— = (18) 
g 
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in which K is an experimental constant depending upon the nature of 
the construction. A further discussion of this constant K is given in 
Sections 18 and 23. 

In the case of air flowing in ducts the static pressure regain, 
expressed in inches of water, becomes 


120.4 E —v— K(vy, — al 


Se oe 
2g 


(19) 
Pw 


The efficiency, defined as the ratio of the regained static pressure 
to the change in velocity pressure, becomes 


hee v3 — K(v; — 0)? 


2} “— K(v, — 
fies ; g 2 v1 + V2 (v, V2) (20) 


vi — Vi + Ve 


29 


Curves are shown in Fig. 17, giving the static pressure regain as 
calculated from Equation (18) and values of K given in Section 18, 
and expressed as percentages of the velocity head corresponding to 
the velocity of approach, v:. These curves are also based on the 
assumption that all of the loss occurs by shock, with no loss by 
friction, and that the exit of the diverging section is followed by a 
straight length of duct of the same size as the exit. They are further- 
more based on the assumption that the values of K are not materially 
influenced by the area ratio. These curves show that for any given 
angle between sides there is some definite area ratio at which the 
velocity conversion becomes a maximum, and that there is no advan- 
tage in increasing the area ratio beyond this maximum. 


15. Total Pressure Loss in Abrupt Contraction and Converging 
Sections.—The conditions resulting from an abrupt contraction are 
shown diagrammatically in Fig. 14b. The stream is contracted for 
some distance beyond the entrance to the smaller section and a vena 
contracta is formed. Subsequent to this the stream again expands to 
fill the smaller duct, and the total pressure loss in a contracting sec- 
tion results from the expansion in the smaller duct. The loss in 
pressure in this case may be determined by employing Equation (9) 
under the proper conditions. That is, 


ae 


“? 
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The ratio a,/a2 is commonly known as the coefficient of contraction. 
Designating this coefficient of contraction by c, and introducing it in 
Equation (21), the equation for the expansion occurring in this 
case becomes 


1 ae ys 
Ay = (— Wh [cece (22) 
c 29 
For air flowing in ducts, this equation expressed in terms of inches of 
water becomes 
t2pa f/f 1 2 y2 
hi = (= = 1) eis (23) 
Pw c 29 


The values of c are largely dependent on the entrance conditions, 

and Equation (22) may be employed for converging sections as well 

as for abrupt contraction by proper selection of a value for c. 
McElroy* gives the following equation for c: 


1 
c= (24) 


do 2 ag 2 
zone 
ay ay 


in which z is an empirical factor which he designates as the “con- 
traction factor.” For this factor z he gives the following values 
applying to the cases tested in this investigation: abrupt contraction, 
2.50; 60-degree converging section, 2.50; 30-degree section, 2.15; 
and 7-degree section, 1.40. Substituting these values in Equation 
(24), the following values of c to be used for the different sections 
tested in this investigation may be obtained: abrupt contraction, 
1134-in. to 6-in. duct, 0.646; abrupt contraction 9-in. to 6-in. duct, 
0.674; 60-degree converging section 1134-in. to 6-in. duct, 0.646; 
30-degree converging section 1134-in. to 6-in. duct, 0.695; and 7- 
degree converging section 1134-in, to 6-in. duct, 0.850. 


*“Pressure Losses Due to Bends and Area Changes in Mine Airways.’ U.S. Bureau of Mines 
Information Circular No. 6663. 
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V. Survey or Previous INVESTIGATIONS 


16. Experiments of Archer.—From experiments with water flow- 
ing from a brass pipe of smaller cross-sectional area to one of larger 
cross-sectional area H. W. Archer* concluded that the Carnot-Borda 
equation (Sect. 12) should be corrected by a coefficient which de- 
creases as the area ratio and the velocity increase. He proposed the 
three following equations for calculating the total head or pressure 
loss resulting from enlargements in a pipe carrying water: 


yi-919 a 1,919 
Hp s1008 = (1 2: “) (I) 
29 az 
ie = 1.919 
H, = 098 (v1 — ve) (I) 
29 : 
B(v, — v2)? 
pean (III) 
2g 


In Equation III the coefficient B was to be read from a table 
compiled from the experimental data. 


17. Work of Schutt—Dr. H. C. Schutt? arrived at the following 
conclusions as a result of experiments performed in the Laboratory 
of the Institute of Hydraulics in Munich, Germany, with water 
flowing first through a contraction and then through an abrupt 
enlargement in a 6-in. round iron pipe: 


(1) “The validity of the Carnot-Borda equation for the practical computation 
of any losses due to sudden enlargements in the flow cross-section is proved. The 
deviation is not more than 1.5 per cent.” 

(2) “There is no influence of the ratio of enlargements.” 


Dr. Schutt’s results agree fairly well with those obtained by Archer 
in the same range of velocities and area ratios, but they cover only 
a small portion of the field explored by Archer. Furthermore, it 
could not be stated definitely, without further experimental evidence, 
that the results of either of these investigators would be directly 
applicable to the flow of air. 


18. Investigations of Gibson.—In 1910, A. H. Gibsont made ex- 
tensive experiments on the flow of water through diverging sections 
in round pipes of 1.5 in. and 3 in. in diameter, and with the included 


*Proc. A.S.C.E., Vol. 39, Part I, p. 365, 1913. 


{Translation by Blake R. Van Leer. Trans. A.S.M.E., Vol. 51, Part I Hyd. 51-10, p. 83, 1929, 


tProc. Roy. Soc. of London, Vol. 83, 1910. 
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angles between the sides of the sections varying from 3 deg. to 
180 deg. He also used square and rectangular pipes of sizes compara- 
ble to those of the round pipes. From the data thus obtained he 


drew the following conclusions: 

‘In a circular pipe with uniformly diverging boundaries, the total loss of head 
attains its minimum value with a value of @ (the included angle) equal to about 
5 deg. and 30 min. As @ is increased, the loss of head expressed as a percentage of 


“ge increases very rapidly from its minimum value of about 13.5 per cent to a 
maximum of about 121 per cent when @ equals 63 deg., afterwards diminishing to 
about 102 per cent as 0 is increased up to 180 deg.” 

“The loss of head in a pipe of square cross-section is at least 20 per cent greater 
than in a circular diverging pipe of the same length and same initial and final areas, 
while the minimum loss is apparently obtained when the angle between opposite 
faces of the pipe is approximately 4 deg.”’ 

‘When a rectangular pipe has one pair of sides parallel and the second pair 
uniformly diverging, the loss of head is much greater than in a circular pipe having 
the same length and the same initial and final areas. The minimum loss is obtained 


with a value of @ in the neighborhood of 11 deg.” 


Figure 18 gives the ratio of the actual loss to the Borda loss, 
calculated from Gibson’s data, and expressed as a percentage of the 
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Borda loss. These values correspond to the values of K used in 
Equation (17), Section 14, for calculating the curves shown in Fig. 17. 


19. Investigation of Peters.—H. Peters* gives a discussion of con- 
version of energy in cross-sectional divergences under different condi- 
tions of inflow, together with numerous curves plotted from data 
obtained with test sections made from seamless drawn brass tubes 
having diameters of 70 mm. and 107 mm., respectively. The diverg- 
ing transition sections were made from plaster of Paris and coated 
with shellac in order to obtain a smooth surface. Included angles of 
from 5.4 deg. to 180 deg. were studied, using the same volume of air 
for all tests. The following excerpts from Peters’ conclusions are 
pertinent to the investigation reported in this bulletin: 


“The energy conversion is not completed in the exit section of the diffuser. 
Complete conversion requires a discharge length which’ depends upon the included 
angle and the velocity distribution in the entrance section. The velocity distribution 
in the entrance section affects the pressure conversion, very profoundly in the diffuser 
alone, but only very slightly in the diffuser with exit length.” 


Peters’ results show a maximum efficiency of conversion of about 
90 per cent for an included angle of 7 deg. and a minimum of about 
55 per cent for an included angle of 60 deg. An abrupt, or 180 deg., 
enlargement with an after-section showed an efficiency of about 
55 per cent. 


20. Other Investigations.—H. C. Briggst and G. N. Williamson 
experimented in 1924 with an adjustable diverging section made of 
wood and located on the suction side of the fan. Their results in- 
dicated that the most effective angle between the sides of a diverging 
section was 7 deg. and 10 min. With this angle the efficiency of 
conversion of velocity pressure into static pressure was approximately 
80 per cent. Their apparatus, however, did not duplicate a diverging 
section as commonly used in practice. 

The paper of Briggs and Williamson reviews the history of the 
development and use of the diverging section, or évasé stack, and 
gives a résumé of the results of E. Peclet’s experiments with small 
funnels. 

Results of tests on diverging sections have also been published by 
Stanton,{ Brightmore, and Heenan and Gilbert§. 


*National Advisory Committee for Aeronautics, Technical Memorandum No. 737 (Tran i 
{Trans. Inst. Min. Eng., Vol. 68, p. 323, 1924-25 feCS mek 
tEngineering, Vol. 74, p. 664, 1902. 

§| Minutes of the Proc. Inst. Civ. Eng., Vol. 169, p. 315, 1906. 
§Proc. Inst. Civ. Eng., Vol. 123, p. 290, 1895. 
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VI. Resuuts or TESTS 


21. General Discussion.—The ducts used in this investigation were 
commercial ducts fabricated in local sheet metal shops, and small 
imperfections in the seams and joints resulted in slight irregularities 
in the cross-section and in the alignment of the different sections. 
In addition, at the higher static pressures, there was some tendency 
for the cross-section to become slightly distorted, owing to the fact 
that perfect rigidity of the flat sheet- metal sides could not be attained 
without the use of stays, or the use of much heavier gage metal than 
that customarily used in the construction of small and medium-sized 
ducts. Hence the results are subject to certain limitations which 
undoubtedly would have been absent in the case of perfectly rigid 
ducts with absolutely uniform cross-sections throughout their lengths. 
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However, these imperfections are characteristic of commercial ducts, 
and the deviations between the actual pressure losses and those 
calculated from theoretical considerations are representative of such 
commercial ducts. The results obtained may therefore be regarded 
as applicable to small and medium-sized ducts used in practice. 

Some precautions were necessary in order to locate the measuring 
stations so that the observations would not be subject to disturbing 
effects resulting from local irregularities. With these precautions 
observed the limits of accuracy for the results may be accepted as 
being well within the limits of the deviations normally occurring in 
duplicate ducts fabricated under ordinary commercial conditions. 


22. Abrupt Hxpansion.—Figure 19 shows the shock losses in 
abrupt expansion, expressed in inches of water, and obtained experi- 
mentally with the center, corner, and center-side connections used 
in conjunction with the 6-in. x 6-in. to 1134-in. x 1134-in. ducts. 
These connections have been designated as test sections Nos. 1, 3 
and 4 in Fig. 2. The shock losses obtained experimentally with the 
center connection used in conjunction with the 6-in. x 6-in. to 9-in. x 
9-in. ducts, designated as test section No. 2 in Fig. 2, have also been 
shown in Fig. 19. In addition a curve for the Borda loss calculated 
from Equation (11), Section 12, and one calculated from Equation 
(II), Section 16, given by Archer, has been included. In the latter 
case the units have been converted into inches of water instead of 
feet of fluid flowing. 

The basic curve for shock loss for the 6-in. x 6-in. to 1134-in. x 
1134-in. ducts has been drawn through the points representing the 
loss in the center connection. The points representing the loss in 
the corner and center-side connections, however, practically coincide 
with this curve, thus indicating that the shock loss is not materially 
affected by the method of joining the ducts, provided the change in 
section is abrupt and the axes of the two ducts are parallel. Further- 
more, the shock loss in a given abrupt expansion is the same whether 
it is used on the suction or the outlet side of the fan. 

The experimental curves indicate that the data obtained are in 
much closer agreement with the Borda equation than they are with 
Archer’s equation. In the latter case, the slope of the curve is the 
same as that for the experimental curve for the 6-in. x 6-in. to 
1134-in. x 1134-in. ducts, but the position of the two curves is not 
in agreement. This indicates that the exponent of 1.919 given by 
Archer is approximately correct, but the constant, as shown in 
Equation (II), Section 16, should be 1.32 instead of 1.098. 
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From the curves in Fig. 19 it is apparent that, for the 6-in. to 
1134-in. sections, over a range of velocity differences between 35 and 
60 ft. per sec., the head lost due to shock may be calculated with 
sufficient accuracy for all practical purposes by the application of the 
Borda equation. The same is true for the 6-in. to 9-in. sections over a 
range of velocity differences between 25 and 40 ft. per sec. This 
indicates that the curves for loss and conversion of velocity pressure 
given in Fig. 15 may be regarded as sufficiently accurate for practical 
purposes. However, the slopes of the experimental curves are less 
than that of the curve for Borda loss shown in Fig. 19, and greater 
deviations occur in the higher and lower velocity ranges. Thus the 
ratio of the experimental loss to the Borda loss for the 6-in. to 1134-in. 
sections was 1.094 at a velocity difference of 20 ft. per sec., and 0.973 
at a velocity difference of 80 ft. per sec. At the same velocity differ- 
ences these ratios for the 6-in. to 9-in. sections were 1.120 and 0.894, 
respectively. 

The differences in the slopes of the curves in Fig. 19 suggest that 
the exponent in the Borda equation should have some value other 
than 2.0. However, the differences in the slopes of the experimental 
curves for the 6-in. to 1134-in. and the 6-in. to 9-in. sections indicate 
that this exponent is affected by the area ratio, and, if this is true, the 
Borda equation would require a different exponent for each area ratio 
encountered. The difference in position of the curves suggests the 
correction of the Borda equation by the introduction of a constant 
multiplier. Taking both the slopes and positions into consideration, 
it is probable that the correction can best be applied by the introduc- 
tion of a parameter depending upon the area ratio, and probably 
upon the velocity and the physical properties of the fluid. That is, 
Equation (11), Section 12, for an abrupt expansion, should be modified 


and written as: A \ 
2 i Pa (vy = ID) (25) 


vt A 


Pw “ag 


In this case the static pressure regain for an abrupt expansion 


should be 
12pa | v2 — v2 — C(v1 — 0)? | (26) 
Pw 29 


S,; = 


and the efficiency should be 
v1 + v2 — C(v1 — 2) (27) 
V1 + Ve 


e= 
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That is, the equations for static pressure regain and efficiency should 
correspond in form to Equations (19) and (20) given in Section 14, 
instead of to Equations (15) and (16) given in Section 13. 

In Fig. 20 the results of two different investigators have been 
correlated by plotting the value of C in Equation (25) against the 
dimensionless ratio designated as Reynolds’ number. The latter is 
defined by the equation: 

dup 4mvp 


_ 


R= =— (28) 


Bi be 


in which R = Reynolds’ number 

d = diameter of duct, in ft. 

m = hydraulic radius, in ft. (m = area in sq. ft. divided 

by perimeter in ft.) 

v = average fluid velocity, in ft. per sec. 

p = density of fluid, in lb. per cu. ft. 

» = absolute viscosity of fluid, in lb. per ft. per sec. 

Comparisons based on the use of dimensionless ratios similar to 

Reynolds’ number are strictly applicable only in cases of structures 
which are geometrically similar in every respect. However, if geo- 
metrical dissimilarities are taken into consideration Reynolds’ num- 
ber affords a convenient means of correlating results obtained by 
different investigators using different fluids under various conditions 
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of pressure and temperature. The Reynolds’ numbers used in Fig. 20 
are in all cases based on the dimensions of, and the velocities existing 
in, the smaller duct. These velocities may be calculated from the 
velocity differences shown in Fig. 19 by the use of the following 


equation: 
Seiden (29) 


oi 


in which v; = velocity in small duct, in ft. per sec. 

difference between velocities in small and large ducts, 
in ft. per sec. 

a, = area of small duct, in sq. ft. 

a) = area of large duct, in sq. ft. 


i 


For convenience, curves for converting velocity difference to velocity 


in the small duct for the two area ratios used are given in Fig. 21. 
From Fig. 20 it is apparent that the value of the constant C is 
dependent both on the shape of the cross-section of the ducts and 


2 3 1 
«ype 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


3.00 


as Borda LEguation J} 


200 


Oe SS 
= 8 


=f 
Emanuel vi Include 


Ny 
8 


Sectiora No.5 
Included Arigle- 
Oo o 


Shock loss in Inches of Wearer 
S 


A “/ Pucts 7 
PXME" to ONE 


/0 20 40 60 80 1/00 200 
Difference Betweerr Velocities jin Sma// 
and Large Ducts tr ft per sec. 


Fic. 22. Sock Loss 1n 60- AND 30-pEGREE Divercina SECTIONS 


~ 


on the area ratio, or the ratio of the cross-section area of the large 
duct to that of the small one. The latter is indicated by the fact that 
for the same type of cross-section, either square or circular, different 
curves were obtained for different area ratios. The former is in- 
dicated by the fact that for two area ratios that were approximately 
the same, materially different curves were obtained for the Square 
and circular cross-sections, respectively. Sufficient data are not avail- 
able to obtain the values of C for a wide range of area ratios, but the 
curves given in Fig. 20 may serve as a basis for judgment in selecting 


values of C within the range of area ratios generally occurring in 
practice. 


23. Diverging Sections.—The shock losses obtained with diverging 
sections having various angles between the sides are shown in Figs. 
22 and 23. These losses were obtained with sections having entrance 
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dimensions of 6 in. x 6 in., and exit dimensions of 1iefinex lla i 
or with an area ratio of 3. 84, The results indicate that, when Fes 
corrections for friction are made, the shock loss in diverging sections 
decreases, and hence the efficiency of velocity conversion increases 
as the angle between sides decreases, even when the angle is decreased 
to as low a value as 3 degrees. These results are practically i in agree- 
ment with those obtained by Gibson, but are in slight disagreement 
with those obtained by Briggs and Williamson. The latter indicated 
that the most advantageous angle was 7 degrees and 10 minutes. 
However, as previously mentioned, Briggs’ and Williamson’s appara- 
tus did not exactly duplicate the diverging sections commonly used 
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in commercial ducts, inasmuch as their diverging sections were 
immediately followed by an abrupt expansion. Furthermore, no 
correction was made for friction, and their total loss included a small 
abrupt expansion loss occurring at the ends of the diverging sections, 
which in their case were inserted in a larger duct. 

The results obtained with the 7-degree diverging section when 
used on the suction side of the fan further indicate that the shock 
loss in a given diverging section is the same whether the section is 
used on the suction or on the outlet side of the fan. 

From Fig. 22 it may be observed that the shock loss in a diverging 
section with an angle of 60 degrees between sides was in fairly close 
agreement with the loss calculated from the Borda equation. Also, 
comparing with the curves for the Borda loss and the observed loss 
in an abrupt expansion in Fig. 19, it is evident-that the loss in a 60- 
degree diverging section was in exact agreement with that in an 
abrupt expansion. From Fig. 22 it may be further observed that the 
loss in a 30-degree section was almost as great as that in a 60-degree 
section. Hence, no material advantage will be gained by the use of 
diverging sections having an angle of more than 30 degrees. 

In Section 14 it was indicated that the shock loss in a diverging 
section may be expressed as a function of the loss in an abrupt ex- 
pansion, and, accepting the Borda equation as representative of the 
latter loss, Equations (19) and (20) were derived for the static pres- 
sure regain and the efficiency. The Borda equation deviates slightly 
from the experimental data obtained in this investigation. However, 
making use of Equation (25), Section 22, for an abrupt expansion, 


-_ 


as derived from the experimental data, the shock loss occurring ina ~ 


diverging section may be expressed as 


12KCp. (v1 — v2)? 
hy = fe (30) 
Pw 29 


In this case the expression for the static pressure regain becomes 


S,; = 


124 E —v— KC(y, — e] 


2 (31) 


Pw 
and the expression for the efficiency becomes 


V1 +- vo — KC(y, ac Ve) 
= (32) 
V1 + V2 
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corresponding in form with Equations (19) and (20), with the addi- 
tion of the constant C. 


Values of K for Equations (30), (31), and (32) are shown in Fig. 24. 
Since K represents the ratio of the shock loss in a diverging section 
to that in an abrupt expansion as obtained from the experimental 
data, the ordinates of this curve multiplied by 100 are representative 
of the percentage of the abrupt expansion loss occurring in diverging 
sections having various angles between sides. The curve in Fig. 24 
is for a velocity of approach of 70 ft. per sec., but it also represents 
velocities of approach of 40 ft. per sec. and 100 ft. per sec. with aver- 
age deviations within 5 per cent. Hence it may be regarded as 
representative of all velocities from 40 to 100 ft. per sec. This curve 
further indicates that no material advantage will be obtained by the 
use of diverging sections having included angles of greater than 30 
degrees between sides. 

Figure 25 shows the efficiency of conversion of velocity pressure 
into static pressure for diverging sections having an area ratio of 
3.84 and for velocities of approach of 30 ft. per sec. and 100 ft. per sec. 
These curves are based on the use of after-sections, or portions of 
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straight duct following the diverging sections, of such lengths that 
the end of the after-section in all cases was at a distance of at least 20 
diameters of the small duct from the entrance of the diverging 
section. They were calculated from the measured losses, and cor- 
respond to values obtained from Equation (32). These curves indi- 
cate that the efficiency of a diverging section is influenced by the 
velocity of approach to the section. 

Figure 26 shows the pressure above, or depression below, atmos- 
pheric pressure, observed by means of a static pressure tube, at 
various points in the system for several test arrangements used in 
this investigation. In each case, 20 ft. of 1134-in. x 1134-in. duct 
was connected to 20 ft. of 6-in. x 6-in. duct by means of a diverging 
section. These diverging sections had included angles between sides 
varying from 3 degrees to 180 degrees. The pressures in the diverging 
sections have not been corrected for friction, and hence a pressure 
read at any given section in the small duct represents the decrease 
in fan total pressure that would occur if the fan outlet were placed 
at this section. The difference between the pressure read in the 
plane of the entrance to the diverging section and the maximum 
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pressure shown in the large duct represents the amount of velocity 
pressure that was actually converted into static pressure. This 
difference is shown graphically in Fig. 26. It should be noted that 
the amount of velocity pressure converted up to any point in the 
diverging section, or after-section, is obtained by subtracting alge- 
braically the reading made with the static pressure tube at the 
entrance of the diverging section from the reading made with the 
static pressure tube at the given point, readings above atmospheric 
pressure being regarded as positive and those below it as negative. 
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That is, if both readings are negative the conversion is the arithmetical 
difference, and if one is negative and the other positive the conversion 
is the arithmetical sum. 

From Fig. 26 it may be observed that the conversion of velocity 
pressure into static pressure is not complete at the exits of the 
diverging sections. The maximum static pressure in the larger duct 
occurs at the point where the static pressure resulting from the con- 
version of velocity pressure becomes just equal to the friction pressure 
loss in the large duct following this point. It may be noted that 
this point of maximum pressure occurred well beyond the exit of the 
diverging section, and was in every case at a distance of approximately 
11 ft., or 22 equivalent diameters of the small duct, from the entrance 
of the diverging section. Hence it is evident that the amount of 
large duct, or after-section, following the exit of a diverging section 
has considerable influence on the effectiveness of the diverging section. 
This fact has not heretofore received general recognition. It may be 
further noted that in all cases, except with the 3-degree diverging 
section, the conversion was nearly complete at a distance of 7 ft., or 
14 diameters, from the entrance of the section. Hence the difference 
between 14 diameters and the length of the diverging section may be 
regarded as the minimum length of after-section to be employed, and 
the difference between 22 diameters and the length of the diverging 
section may be regarded as the most advantageous length of after- 
section to be employed, when a diverging section is to be used at the 
outlet of a duct system for the purpose of reducing the total pressure 


on the fan. Furthermore, a 7-degree diverging section is probably « 
the most advantageous for all practical purposes, since the 3-degree 


section was only slightly better than the 7-degree section. That is, 
the 7-degree diverging section with an after-section requires less 
total length than does the 3-degree section, and can be used with a 
very small sacrifice in effectiveness in cases in which space is at a 
premium. 
Figure 27 shows the total amount of velocity pressure converted 
into static pressure between the entrance of a diverging section and 
planes at various distances in an after-section, expressed as a per- 
centage of the head corresponding to the velocity of approach in 
the smaller duct. These data were obtained on an arrangement con- 
sisting of a 1134-in. x 1134-in. duct connected to a 6-in. x 6-in. duct 
by means of a diverging section having an included angle of 7 degrees 
between sides. The velocity pressure converted was obtained by 
subtracting algebraically the negative readings of a static pressure 
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tube placed in the plane of the entrance to the diverging section from 
the positive readings of a static pressure tube placed at successive 
points in the after-section. These curves indicate that, at a velocity 
of 100 ft. per sec., 61 per cent of the initial velocity head had been 
converted into static pressure at the exit of the diverging section. 
At a distance of 14 equivalent diameters of the small duct from the 
exit of the diverging section an additional 8 per cent of the initial 
velocity head was converted, making a total of 69 per cent. Beyond 
this point any further slight conversion is submerged by the friction 
loss occurring in the large duct. At a distance of 6 diameters from 
the exit of the diverging section the additional conversion was 6 per 
cent. Thus in the 8 diameters between 6 diameters and 14 diameters 
from the exit the additional conversion was only 2 per cent as com- 
pared with the 6 per cent gained in the first 6 diameters following the 
exit. Hence it appears that a diverging section should be followed 
by an after-section having a length equal to at least 6 diameters of 
the entrance to the diverging section, and that nothing is to be gained 
by employing an after-section having a length greater than 14 diame- 
ters of the entrance to the diverging section. 
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The statement* that the efficiency of a diverging section having 
an included angle greater than 30 degrees between sides is zero is 
probably correct for such a section placed at the outlet end of a 
system, but is not true for a diverging section followed by a sufficient 
amount of after-section. Reference to Fig. 26 indicates that even 
an abrupt expansion followed by an adequate length of after-section 
will convert approximately one-half as much velocity pressure into 
static pressure as will be converted by a diverging section having an 
included angle of 7 degrees between sides. However, the results of 
this investigation indicate that diverging sections having included 


“Fan Engineering, 3rd Edition, pp. 88 and 89, 
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angles greater than 30 degrees do not have any material advantage 
over an abrupt expansion. 


24. Abrupt Contraction —Figure 28 shows the shock losses in 
abrupt contraction, expressed in inches of water, and obtained experi- 
mentally with the different combinations used, both for the 1134-in. 
to 6-in. and the 9-in. to 6-in. ducts. A curve representing the Borda 
equation is also shown. It is immediately evident that the Borda 
equation does not apply for the calculation of shock losses in abrupt 
contraction. The losses obtained experimentally were without ex- 
ception much lower than those obtained by the application of this 
equation. 

The results indicate that the shock losses are materially influenced 
by the method of connection or the relative positions of the axes of 
the two connected ducts. The least amount of loss was obtained 
with the center connection, in which the axes of the two ducts were 
coincident. This arrangement is shown as test section No. 2A in 
Fig. 2. The corner connection, test section No. 3A, gave 50 per cent 
greater losses than the center connection; and the center-side connec- 
tion, test section No. 4A, gave 100 per cent greater losses than the 
center connection. The results obtained with the center connection 
for the 1134-in. to 6-in. ducts under both blowing and exhausting 
conditions indicate that it makes no difference whether the given 
abrupt contraction is used on the suction or the outlet side of the 
fan. The losses, however, were affected by the area ratio of the ducts 
used. At the same velocity difference the 9-in. to 6-in. ducts, with 
an area ratio of 2.25, gave greater losses than those obtained with 
the 1134-in. to 6-in. ducts, having an area ratio of 3.84. 

In the ease of contracting flow the loss occurs in the smaller duct. 
Hence it is probable that the velocity in this duct offers a better 
basis for comparison than the velocity difference, particularly in the 
case of combinations having different area ratios. Curves based on 
the velocity in the small duct are therefore shown in Fig. 29. It may 
be noted that at the same velocities in the smaller duct the 114-in. 
to 6-in. section shows greater losses than does the 9-in. to 6-in. section, 
since in the latter there is less change in velocity and hence less 
contraction in the stream at the vena contracta. 

In Fig. 29 theoretical curves are shown, based on Equation (23) 
and on the values of z and c given in Section 15. The values of 0.646 
and 0.674 for c for the 1134-in. to 6-in. and the 9-in. to 6-in. sections, 

2 
) of 0.303 and 0.234. These 


respectively, represent values of = — | 
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values of the constants used in Equation (23) apparently give results~ 


higher than the experimental results obtained in this investigation, as 


c 
more closely represent the experimental data. These values corre- 
spond to coefficients of contraction ¢ of 0.730 and 0.740 for the area 
ratios of 3.84 and 2.25, corresponding to the 1134-in. to 6-in. and 
the 9-in. to 6-in. sections, respectively. 


df 2 
shown in Fig. 29. Mean values of é — 1) of 0.137 and 0.124 


25. Converging Sections.—Figure 30 shows the shock loss in con- 
verging sections. For the purpose of comparison the curve for an 
abrupt contraction has also been transferred from Fig. 29. It may 
be noted by comparison with Figs. 22 and 23 that the losses in con- 
verging sections are approximately one tenth of those occurring in 
diverging sections. With velocities as high as 100 ft. per sec. in the 
small duct, the losses in the 7-degree and 3-degree converging sections 
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were less than 0.005 in. of water. These losses were smaller than the 
degree of accuracy attainable with the instruments used in this in- 
vestigation, and no consistent curves could be obtained. The shock 
loss in the 30-degree section was very small, and it may safely be 
concluded that no material advantage results from the use of con- 
verging sections with angles of less than 15 degrees between sides. 
The total loss in such sections may be considered the same as the 
friction loss in a corresponding length of straight duct having an 
area equal to the mean area of the section. 

A curve shown by McElroy* plotted from data given indicated 
that the loss in converging sections having angles of 60 degrees or 
greater between sides is practically the same as that for an abrupt 
contraction. This conclusion is not confirmed by the data obtained 


*Loc. cit., Section 15. 
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in this investigation, since Fig. 30 shows that the loss in the 60-degree 
section was materially less than that in the abrupt contraction. 

The theoretical curves based on Equation (23) and the values" 
of z and c given in Section 15 are in closer agreement with the experi- 
mental data obtained in the cases of abrupt contraction than they 
are in the cases of converging sections. The values of 0.646, and 
0.695 for c for the 60-degree and 30-degree converging sections, 


il 2 
respectively, represent values of (= _ 1) of 0.303 and 0.193. The 
c 


results shown in Fig. 30 indicate that these values are too high. 


1 2 
Mean values of (je = 1) of 0.0453 and 0.0218 more closely represent 
c 


the experimental data. These values correspond to coefficients of 
contraction c of 0.824 and 0.871 for the 60-degree and 30-degree 
converging sections, respectively. 

The difference in these constants and the ones given in Section 24 
from those given in Section 15 may possibly be explained by the 
fact that all total pressures used in this investigation were obtained 
by means of traverses made with a total pressure tube. If such 
pressures are obtained by reading the static pressure and adding the 
velocity pressure corresponding to the mean velocity as calculated 
from the weight of air flowing and the area of the duct, a method 
very commonly used, the results may be very misleading. This is 
particularly true with regard to contracting flow, in which case the 
velocity profile, or distribution of velocity, is greatly different in 
the duct following the contraction from what it is in the approach~ 
duct. In the case of expanding flow, these profiles are more nearly 
the same, and no serious error results from the conventional method 
of determining the total pressure. A further explanation may be 
offered by the fact that the edge conditions have a large influence 
on the shock loss occurring in abrupt contraction and converging 
sections. It is possible that the edges used in connection with this 
investigation were not as sharp as those used in the investigations 
on which the constants cited in Section 15 were based. 


VII. Concuusions 


26. General Conclusions.—The following conclusions may be drawn 
from the results of this investigation: . 
(1) For any given arrangement of ducts involving a change in _ 
cross-sectional area the resulting shock losses are the same regardless 
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. whether the change occurs on the suction or the outlet side of the 
antes 

(2) For area ratios between 2 and 4, and for velocities between 
25 and 60 ft. per sec., the Carnot- Boras equation may be applied 
without material error to determine the shock losses in either 
symmetrical or non-symmetrical abrupt expansions. 

(3) The shock losses in diverging sections are dependent on the 
included angle between the sides of the section, the smaller losses 
accompanying the smaller included angles. 

(4) Shock losses in diverging sections having included angles 
between sides greater than 60 degrees are as great as those occurring 
in abrupt expansion, and no material advantage is gained by the use of 
diverging sections having included angles greater than 30 degrees. 

(5) The minimum shock loss is given by a diverging section 
having an included angle of approximately 3 degrees between sides, 
but for practical purposes an included angle of 7 degrees may be 
employed with only slight sacrifice in efficiency. 

(6) The shock losses for diverging sections may be expressed in 
terms of the shock losses in an abrupt expansion and the efficiency 
of the diverging section. 

(7) In diverging sections having included angles greater than 
3 degrees between sides the static pressure continues to rise in the 
after-section, or the large duct following the section. 

(8) In order to insure complete conversion of velocity pressure 1n 
a diverging section, the latter should be followed by an after-section 
having a length of at least 6 diameters of the entrance to the diverging 
section. No gain results from the use of an after-section having a 
length of greater than 14 diameters. 

(9) The shock loss in an abrupt contraction is much less than 
that in an abrupt expansion. 

(10) The shock loss in an abrupt contraction is caused by re-ex- 
pansion into the smaller duct, and is influenced by the area ratio of 
the two ducts. 

(11) The shock losses in non-symmetrical abrupt contractions 
may be from 50 to 100 per cent greater than those occurring in 
symmetrical abrupt contractions. 

(12) The shock losses in converging sections are influenced by the 
included angle between sides of the section, the smaller losses 
accompanying the smaller angles. 

(13) The shock loss in a converging section having an included 
angle of 60 degrees between sides is less than that in an abrupt 


contraction. 
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(14) The shock losses in converging sections having included 
angles of less than 30 degrees between sides are practically negligible. 
(15) Coefficients of contraction for air flowing in a duct following 


an abrupt contraction vary from 0.73 to 0.74. In a duct following a 


converging section they vary from 0.824 for a 60-degree section to 
0.871 for a 30-degree section. 

(16) The average total pressure at any given section may be 
determined only by a total pressure traverse unless the velocity of 
the air is uniform throughout the cross-section. This condition never 
exists in practice, although it may be closely approximated in a duct 
immediately following a converging section. 
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